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• Intracranial injury caused by contact or non-contact 
impacts to the head
• Direct contact: blunt impact
• Non-contact: angular accelerations or pressure waves
• 75% of TBI: Concussion or mild TBI 
• 40.5%: Falls
• 15.5%: Blunt trauma
• 14.3%: Motor vehicle accidents
• 10.7%: Assaults
http://www.cdc.gov/traumaticbraininjury/get_the_facts.html
• In 2010 2.5 million TBIs in US (CDC, 2015)
• Rate of ED and hospital visit increased from 521 to 823.7 per 100,000 
from 2001-2010




• Injury that alters brain function temporarily
• Unconsciousness, headaches, lack of concentration, memory, balance 
and coordination 
• Contusion:
• Bruise or cortical injury from direct contact force or acceleration
• Weakness, numbness, incoordination, aphasia, and difficulties with 
memory and cognition
• Intracranial hematoma (ICH):
• Bleeding inside the skull when a blood vessel ruptures or leaks
• Unconsciousness, slurred speech, increased blood pressure, seizure
• Diffused Axonal Injury (DAI):
• Legions in white matter caused by acceleration/deceleration or 
rotational injury
• Unconsciousness, coma and permanent brain damage
Concussion
• It is a form of mild TBI
• Concussion is caused by linear, rotational or angular 
impact to the brain
• Chronic pathology of concussion can manifest symptoms 
of neurodegenerative disorders, such as Parkinson’s and 
Alzheimer’s disease (Lozano et al., 2015). 
• It has been established that a strain of 15-20% in the 
brain can be considered as threshold for the onset of 

























• 72 main sulci
• Sulci divides 
the lobes
• Enveloped by 
pia mater
• Sulci contains 
trabecular 
tissue






• TBI is a growing problem worldwide
• It is important to better understand and predict the occurrence 
of TBI after an impact 
• SAS, CSF and trabeculae plays an important role in damping 
the effect of an impact (Saboori, 2015)
• Enveloped by pia mater increases the stiffness of sulci 
tangentially to the cerebral cortex (Ho, 2009) 
• Influence of brain sulci during impacts is greatly unexplored
• Architecture and morphology of the sulci and sulci trabeculae 
has also not been explored
Literature Review: Experimental Studies
• Allen at al. (1975): Tissue samples of cranial SAS from dogs were 
collected and prepared for SEM and TEM. Results revealed complex 
arachnoid morphology. Free cells were observed on the meningeal 
linings of the subarachnoid space, and TEM established those cells to 
be macrophages 
• Lu et al. (2005): 8 cadaveric brain was dissected and photographed. 
27 arachnoid membranes and 21 subarachnoid cisterns were 
identified and named and categorized into three groups.
• Killer at al. (2003): 12 optic nerves were harvested from 9 subjects. 
Three different section with different trabecular architecture was 
detected. The arachnoid observed as pillars, septa and mesh-like 
structure.
• Saboori at al. (2015): Histology and morphology of SAS trabeculae 
was investigated via cadaveric and animal experimental study. 
Fluorescent microscopy, Light microscopy, SEM and TEM done. Tree-
shaped rods, pillars, plates and complex structure observed. 
Composed of collagen type I.
Literature Review: Analytical & Numerical
• Bradshaw et al. (2001): 2D brain models with and without sulci were 
created to investigate the mechanism for acute subdural hematoma 
and DAI. Coronal blunt impact on brain. Insignificant effect of sulci on 
displacements, but the local strain peaks were reduced and while 
strain increased elsewhere in the brain. 
• Cloots et al. (2008): Influence of the morphologic heterogeneities of 
the cerebral cortex was investigated. Small 2D sections of cerebral 
cortex with heterogeneous geometry. Sulci influences strain output 
and should be included in models for accurate assessments.
• Ho et al. (2009): Two detailed 3D FE head models, with and without 
sulci, were constructed from the MRI scan of a human head. 
Rotational and translational impacts to the models. Sulci reduced 
strain, especially in the frontal lobe. It was concluded that sulci alters 
strain data. 
• Saboori et al. (2012): Effect of brain sulcus structure on 
mechanotransduction of impacts to the brain was investigated. 11 
cases with differing the thickness, depth and distance between sulci. 
It was concluded that sulci reduced strain in the brain by reducing the 
shear due to impacts. 
Objectives
Aim 1: Understanding the architecture and 
morphology of sulci trabeculae of human 
brain
Aim 2: Evaluating the influence of sulci 
parameters, such as sulci depth, on strain in 













1. Sulci depth 
measurement
2. Photography of sulci 
trabeculae in the brain





Experimental Study: Depth measurement
Frontal lobe: 8.5 mm
Parietal lobe:11.7 mm
Temporal lobe: 12.8 mm
Occipital lobe: 14.3 mm
Experimental Study: Light Photography
Frontal lobe Parietal lobe
Temporal lobe Occipital lobe
Experimental Study: SEM
• Sections of 3x3x2 mm dissected 
from cadaver brain
• Fixed in buffered 2% 
glutaraldehyde solution and 0.4% 
osmium tetraoxide
• Dehydrated in graded series of 
ethanol and then in Critical Point 
Dryer
• Samples were then mounted on a 
3.1 mm diameter aluminum stub 
using double sided carbon tape
• Stored in a 60°C oven overnight
• Coated with carbon or 
gold/palladium.
• Viewed in SEM 
• 4-6 samples each lobe
Zeiss Supra 55VP
Core Laboratory, CCNY
Experimental Study: SEM Frontal Lobe
Experimental Study: SEM Parietal Lobe
Experimental Study: SEM Temporal Lobe
Experimental Study: SEM Occipital Lobe
Experimental Study: SEM Results
Types of Trabecular Tissue














• Pillars, tree-shaped rods and veil-like trabeculae are permeable to CSF 
flow. Plate-like trabeculae are impermeable to fluid flow.
• The dimensions of the trabeculae varied across different lobes and even 
within the lobes
• The mesh-like trabecular network has thin extensions that connect the 
trabeculae (parietal and occipital). These could be cytoplasmic extensions.
• Cells on trabeculae are fibroblasts.




Numerical Study: Finite Element Analysis
Evaluate the influence of sulci depth on 
strain in the brain during impacts
1. SolidWorks: Pilot study with 3D FE local sulci 
models of four brain lobes
2. ABAQUS: 
a. Global 3D head model










Pilot Study: Material Properties
Component Properties Value
Skull






























































Numerical Study: ABAQUS Global Model
• Global 3D head model 
created by Saboori of 
CCNY in 2011
• MRI images of a 
female adult patient of 
age 50 
• Includes: brain, SAS, 
dura mater, skull, skin, 
muscles and neck
• Restrained in the neck
• Impact to the forehead
1.1 mph
Impact 
Numerical Study: ABAQUS Global Model
Displacement profile corresponding to 
1.1 mph impact
Pressure on dura mater in the global 
3D head model after the 1.1 mph 
impact
Numerical Study: ABAQUS Local Models
• Local model includes dura, arachnoid, CSF, trabeculae and brain. No 
skull. 
• Pressure of dura used as input.










































Young’s modulus (Ε) (Pa)
Poisson’s ratio (ν)
Density (ρ) (kg/m3)
Shear modulus at t=0 (G0) (Pa)
Shear modulus at t=∞ (G∞) (Pa)
Bulk modulus at t=0 (K0) (Pa)
Bulk modulus at t=∞ (K∞) (Pa)










Vertical plane Horizontal plane
F= frontal, P= parietal, T= temporal, O= occipital
ABAQUS: Results and Conclusions
Brain lobe Sulci depth 
(mm)
Peak Max Principal 
Strain (horizontal)
Peak Max Principal 
Strain (vertical)
Frontal 8.5 0.197 0.248
Parietal 11.7 0.192 0.213
Temporal 12.8 0.190 0.219
Occipital 14.3 0.189 0.219
• Horizontal plane: 
• Principal strain decreases with increasing sulci depth.
• All peaks occurred at 41.5 ms.
• Vertical plane:
• Principle strain does not follow a trend with sulci depth.





• Photography and SEM used to gain knowledge on architecture and 
morphology of brain sulci trabeculae
• Sulci depth varied between different regions
• Observed different types of trabecular tissue in different regions
• More complex and denser morphology compared to SAS and optic 
nerve trabeculae
• Less permeable than SAS and optic nerve trabeculae
• Composed of type I collagen and fibroblasts
• Cytoplasmic processes connect trabeculae in complex mesh
• Provides mechanical support
• To our knowledge, this is the first experimental study on brain sulci 
trabeculae 
Aim 1 was achieved
Discussion: Numerical Study
• It was found that increasing sulci depth decreased strain
• Pressure distribution along greater length of sulci wall
• More trabeculae, more CSF-trabeculae interaction
• Same trend was not observed in vertical plane:
• Limitation: vertical plane was kept the same size even though the sulci 
depth changed between models
• Peak maximum principal strain in vertical plane is about 20%, 
which means an impact of 1.1 mph can cause concussion in 
that brain region.
• To our knowledge, this is the first numerical research where 
detailed 3D local brain model with sulci and trabeculae has 
been constructed and evaluated for studying TBI. 
Aim 2 was achieved
Future Work
Experimental:
• Histological analysis, TEM and fluorescent microscopy can be 
conducted to learn about the core composition of the sulci 
trabeculae in different brain regions 
• Microtome can be employed for better sectioning
• Fresh brain tissue can be provide us more realistic data on various 
sulci parameters.
Numerical/Analytical:
• Other parameters can be investigated, such as width of sulci, 
volume of trabeculae in sulci, forms of trabecular tissue, dimension 
of trabeculae. 
• Different types of blunt impacts and blasts on sulci and trabeculae 
can be investigated
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